Abstract. The accurate simulation of snowpack deposition and ablation beneath forested areas is complicated by the fact that the vegetation canopy strongly affects the snow surface energy balance. Data collected as part of the Boreal Ecosystem-Atmosphere Study are used to derive a series of simple canopy adjustments and drive a two-layer coupled energy-and mass-balance snowmelt model to simulate the deposition and ablation of the seasonal snowpack at six sites within the boreal forest for the 1994-1995 snow season. Snow cover energy gain in the spring is strongly controlled by canopy cover and is dominated by net radiation fluxes which contribute from 66% to 92% of the snow cover energy balance. Turbulent fluxes comprise 11% of the net energy balance on average, with minor contributions from soil and advected energy fluxes. Simulated depths at the forested sites generally show good agreement with measured snow depths, indicated by model efficiencies ranging from 0.90 to 0.94, with root-mean-square differences less than 5 cm. Seasonal snow covers in the boreal environment may be more sensitive to land use transitions, rather than climate shifts, due to the strong control exerted by vegetation canopies on radiation transfer processes.
Site Descriptions
The BOREAS study region comprises most of Saskatchewan and Manitoba, containing northern and southern study areas (NSA and SSA), within which process study sites are located [Sellers et al., 1997b] .
Two sites in the NSA and four sites in the SSA were selected for snow cover mass-and energy-balance simulations. The locations were chosen to cover the range of canopy characteristics (i.e., open through dense conifer) found in the boreal regions and upon the completeness and availability of meteorological data for model forcing and validation. In the NSA, sites beneath a mature jack pine (NSA-OJP) and a mixed spruce/poplar (NSA-YTH) canopy were selected. In the SSA, sites located at an open area (SSA-open), and beneath mature aspen (SSA-OA), mature jack pine (SSA-OJP), and mature black spruce (SSA-OBS) canopies were selected. Each site is flat, with a laterally continuous (up to ~ 1 km) and homogeneous canopy with respect to species composition, stand age, and stem density. Detailed descriptions of site locations and characteristics are provided by Sellers et al.
[1995b].
Data
Continuous above-and below-canopy meteorological data for the NSA-YTH, NSA-OJP, SSA-OJP, and SSA-OA sites were obtained from automated meteorological stations (AMS) maintained by the Saskatchewan Research Council (SRC) [Shewchuk, 1997] . At each site, the parameters listed in Table 1 were recorded as 15 minute averages of sensor scans completed every 5 s. Above-canopy sensor suites are located from 3 to 6 m above the top of the canopy, and below-canopy instrumentation is located at 2 m above ground level. Although no continuously monitored sensors were installed at the SSA-OBS stand or at the open site, these locations were included in the analyses to investigate snow cover dynamics within a full range of boreal land cover classes. Meteorological data for SSA-OBS and SSA-open were substituted from the nearest AMS, located at the SSA-OJP site, approximately 30 km to the east and 19 km to the north, respectively, for all calculations and model runs.
Subcanopy solar radiation measurements were made during winter intensive field campaigns (IFCs) completed in 1994 and 1996, according to procedures described by Hardy et al. [1997] . Ten Eppley pyranometers were randomly located beneath the forest canopies, so some radiometers were adjacent to stems and others were located in canopy gaps, to achieve a spatially integrated measure of global solar radia- Manual snow course depth, density, and snow water equivalent (SWE) measurements were also completed within four land cover types (open, aspen, black spruce, and jack pine) in the SSA. Each snow course consisted of five stations approximately 100 m apart, where snow measurements were repeated near the 1st and 15th of the winter and spring months. All measurements were completed using a large diameter ESC-30 snow sampler with a 30 cm 2 cutter area and a spring balance. The snow depths at each site were recorded to the nearest 0.5 cm, and the five sites averaged to obtain a mean snow depth for each land cover type.
Development of Canopy Adjustment Algorithms
SNOBAL requires meteorological measuremeres taken at or near the snow surface. The presence of a forest canopy necessitates the modification of the meteorological data required to drive SNOBAL, if the forcing data are collected above canopies or at open sites. The above-canopy solar radiation data must be adjusted to account for shading of the snow surface by the vegetation canopy, and for snow cover albedo, to obtain the net solar radiation absorbed by the snowpack. The above-canopy thermal radiation data must also be adjusted to account for the modification of incoming thermal radiation by the forest canopy. Wind speeds measured above the forest canopy must be modified to account for the sheltered conditions present at the forest floor in order to accurately calculate the turbulent energy fluxes. 
where St± o is the direct radiation at the top of the canopy (W m ), IX is the extinction coefficient (m), which is inversely proportional to the optical transmissivity of the canopy to beam radiation, h is the canopy height (m), and 0 is the solar zenith angle (o). Multiple scattering is not explicitly considered in these formulations but is inherently accounted for in the empirical derivations of x a and
In the above equations, Ss, o and S•o can be measured directly and St,,o obtained by computing the difference. The global solar radiation below the canopy (Sg, z) is more difficult to measure continuously at a site, due to the high spatial variability of radiation beneath forest canopies and the high cost and effort associated with maintaining a large array of radiometers. Ss, • can be calculated by summing (2) and (3), given sufficient information regarding the physical characteristics of the canopy. The height of the canopy is easily measured, and 0 can be calculated based on solar geometry, leaving x a and IX to either be estimated or determined empirically. At the SSA-OJP, SSA-OA, and SSA-OBS sites, the availability of high quality, high temporal resolution aboveand below-canopy radiation measurements permitted the accurate estimation of these two parameters. 
The thresholding at low wind speeds was incorporated to ensure stability of the turbulent transfer routine in SNOBAL.
Data Preprocessing
SNOBAL requires net snow cover solar radiation, incoming thermal radiation, vapor pressure, wind speed and air temperature near the snow surface, and soil temperature. Where subcanopy data were not present, meteorological data were adjusted using the canopy adjustment algorithms presented above. Where certain parameters were absent or anomalous at a given site, appropriate measures such as linear interpolation, and substitution of data from similar nearby sites were taken to provide reasonable and complete data records.
The snowpack net solar radiation was calculated at each time step from Sa, o and Sb, o by combining (2), (3), and (7). The x a and gt values were calculated at sites where subcanopy solar radiation data were collected and estimated on the basis of canopy characteristics (e.g., conifer, deciduous) at sites where no paired above-and below-canopy radiation data were collected. Values used for x a and gt are listed in Table  3 . Incoming subcanopy thermal radiation was calculated from L o, x L, and T c using (8). Wind velocity was adjusted to account for canopy effects using (9). Sub-canopy vapor pressures were calculated using above-canopy rh and subcanopy T a to account for humidity differences resulting from above-and below-canopy temperature variations. Subcanopy soil temperatures were used without modification during most of the snow season. Soil temperatures were fixed at 0øC from the melt period forward in time to prevent anomalous modeled soil heat fluxes in the event of a simulated snow cover persisting beyond the actual snow cover. Subcanopy air temperatures collected at the SRC AMSs were used without modification.
Precipitation properties were estimated from dew point temperature and precipitation records, according to the dew point temperature and density relationships listed in portion of all precipitation events in the boreal environment; therefore these simple relationships were used. Precipitation temperature was assumed to equal dew point temperature for all events. This approach allows the model to be driven with precipitation data, thereby preserving the snow depth record as an independent model validation data set.
Mass and Energy Balance Snowmalt Model (SNOBAL)
A detailed discussion of energy and mass transfer over a snow surface and development of SNOBAL was presented by Marks [1988] Marks et al. [1998a] . SNOBAL was used without modification for all snow cover investigations presented here. A brief overview of the model structure is presented to provide a basic description of the snow cover simulation approach.
Seasonal snow cover dynamics are controlled by temperature and vapor gradients within the snow cover, which are caused by energy exchanges at the snow surface, and at the snow-soil interface [Colbeck et al., 1979; Male and Granger, 1981] . SNOBAL is driven by net snow cover solar radiation, incoming thermal radiation, air temperature, vapor pressure, wind speed, soil temperature, and precipitation mass, temperature, density, and state (solid/liquid) fraction. The model determines the snow cover depth, density, and thermal properties from the meteorological conditions throughout the duration of the simulation. The model approximates the snow cover as being composed of two layers, a basal layer, and a fixed-thickness surface layer. At each time step, the model computes the energy balance of each layer and adjusts the thickness, thermal properties, and measurement heights of the forcing data accordingly.
The model calculates the energy balance of a snow cover at each time step as AQ=R n +H+LvE+G+M Mean vapor pressures during the ablation period are below 611 Pa (saturation vapor pressure at 0øC), indicating that vapor gradients will tend to be directed away from the snow surface when the snow cover is actively melting. In such an environment, the snow cover is expected to lose mass and energy by evaporation, thereby cooling the snow cover. Mean vapor pressure differences between sites appear to be due to air temperature differences between the sites (P! From the deposition of a permanent snow cover in November, through February, the 2-week mean monthly net snow cover energy remains at or near zero for all sites. From late March through complete snow cover ablation in May, the mean net energy is consistently positive and increases steeply at all sites in the SSA. The mean net energy is positive from late April through ablation in the NSA.
The AQ mirrors the net snow cover radiation (Rn), indicating the strong radiative control on snow cover energy fluxes (Figures 3a and 3b) . The large contribution of radiative fluxes, ranging from 66% to 92% of the net snow cover energy balance is indicated in Plate 2. The primary difference between sites is in the timing and variation of R n contribution, which occurs earlier, and is larger in the open and within transmissive canopies, relative to the optically dense canopies. 3.2.4. Modal Sensitivity. Snow cover sensitivity analyses were completed to investigate the effect of variations in the !,t and 'ca parameters on net solar and thermal radiation and on the corresponding simulated snow cover depths. Table 6 presents the results of sensitivity runs completed at the SSA-OJP site. The center cell of the table presents model-fitting statistics for the simulation, completed using the empirically derived !,t and 'c a parameters, discussed above. Relatively large variations in !,t and 'c a were used to investigate the sensitivity of the model results to large errors in measured or estimated canopy parameters. Increases in 'c a represent a shift toward sparser canopies, whereas increases in !,t represent a shift toward optically denser canopies (see Table 3 ). Canopies with opposing density shifts, such as those shown in the top right and bottom left cells of the table, are physically anomalous but were included to cover a full range of both parameters.
Soil heat flux (G) comprises from 46% to 50% of the energy balance early in the snow season, while the soil releases energy as it cools and freezes (Figure 3c
The percent change between the mean net solar and thermal snow cover radiation computed with the altered canopy parameters relative to the simulation using the derived parameters is also presented in Table 6 . Altering gt and 'ca by _+0.01 m 4 and _+0.1, respectively, results in the alteration of net solar radiation by -28% to +35% and in the alteration of net thermal radiation by -36% to +24%. Consistent shifts in !,t and 'ca (i.e., both toward denser or sparser cover) result in opposing net solar and thermal radiation changes. In most cases the model-fitting statistics change slightly, except in the simulations where 'ca is changed to 0.1. In all cases the RMSDs change by 3 cm of snow depth or less. AMBDs change by 2.5 cm or less, except for the simulation with !.t=0.03 and 'ca=0.1, which is representative of a physically anomalous canopy, as noted above.
The sensitivity of the model to wind velocity adjustments was also tested at the SSA-OJP site using doubled wind velocities relative to the simulation discussed above. The modelfitting statistics produced an ME=0.90, RMSD=4 cm, AMBD=-2 cm, and RMBD=-7%. These values suggest that the model performance is altered only slightly relative to the SSA-OJP snow cover depth simulation presented above. The analyses indicate that the model performance is generally insensitive to relatively large variations in the derived canopy parameters for radiation and wind velocity adjustments. The relative importance of radiation in controlling snow cover processes indicates the necessity of accurate canopy adjustment algorithms for solar and therural radiation. Adjustment algorithms which can be driven with forest parameters easily derived from Geographic Information Systems (GIS) or remote sensing products are therefore necessary to complete spatially distributed snow cover model runs in for- The adjustments for solar radiation include a series of simplifying assumptions that may be corrected or improved. The adjustments used in these investigations assumed the canopy to be an isotropic absorber, with gt constant at all Sun angles. Empirical and modeling studies indicate that a greater proportion of radiation is transmitted at relatively low Sun angles than would be predicted if the canopy were to act as an isotropic absorber, due to the horizontal orientation of the branch elements Pomeroy and Dion, 1996] . The adjustments used in these simulations are therefore expected to underestimate sub-canopy solar radiation at low solar elevation angles. Validation data suggest that this underestimation may not significantly affect the simulated snow cover dynamics at the five forested sites. This is because low energy intensity and high snow albedos at low Sun angles render canopy transmission errors insignificant. Conversely, the canopy transmittance parameters were derived from midwinter measurements and may inherently account for increased transmittance at low Sun angles.
Snow cover radiative energy transfer in forested systems is also affected by the spectral properties of the incoming radiation and canopy elements. Ablation dates for the three forested SSA sites were very similar despite differing canopy structures. The differences between sites are reduced due to a greater quantity of SWE and taller canopy at the OA site, and a relatively short OBS The dominance of the radiative energy components of the snow cover energy balance beneath forest canopies illustrates the importance of high-quality above-and below-canopy radiation measurements, both to develop quantitative descriptions of forest canopies and to drive energy balance snow cover models for hydrological analyses. To fully characterize the radiative transfer processes within forest canopies, detailed above-canopy global solar, diffuse solar, and thermal measurements should be taken over a minimum of one annual cycle. These measurements should be coupled with below-canopy global and thermal radiation measurements at several ames during the year to analyze transfer processes at a full range of Sun angles and canopy conditions. The addition of forest element (e.g., canopy, branch, trunk) surface temperatures can provide valuable information regarding the thermal radiative characteristics of canopies. Detailed radiation measurements within and above a variety of canopy types, as in the BOREAS investigation, yield valuable information, which improves the understanding of energy transfer processes for hydrologic investigations and assists in the analysis of the potential effects of changing land cover patterns.
Conclusions
The modeling results indicate that where high-quality below-canopy radiation data exist, simple canopy adjustment algorithms can be developed and applied to open site or above-canopy meteorological data to drive snow cover energy balance models. These results also demonstrate the effectiveness of the algorithms within a wide variety of canopy types, ranging from the highly transmissive OA canopy to the optically dense OBS canopy, by accurately representing snowpack development and both the timing and the rate of seasonal melt. The relative simplicity of the algorithms permits these techniques to be applied for spatially distributed snow cover modeling, as demonstrated by Link and Marks [1999] . The canopy adjustments do not explicitly consider individual canopy elements and may not be so effective for other land covers with significantly different structures. Canopy adjustment algorithms for rigorous spatially distributed snow cover simulations would therefore benefit from the inclusion of explicit parameterizations for tree species type, height, dimension, and stem density relationships while operating within a framework of commonly available spatial data products.
The results suggest that snow cover ablation in the boreal forest may be more sensitive to shifts in land cover patterns, which strongly affect snow cover radiative fluxes. In general, land cover changes toward more open and deciduous canopies will increase de rate of snowmelt delivery and cause earlier complete ablation. Predicted climate shifts toward drier conditions may similarly cause earlier complete ablation, due to reduced total snow cover and sunnier conditions. Earlier snow cover ablation dates will consequently advance and extend de seasonal warming and drying of de boreal regions. Hydrologic and energy-balance studies of de boreal regions must •erefore consider expected changes in bo• land use and snow cover depositional patterns, due to de strong role each exerts in controlling seasonal changes in de surface energy balance of a region. 
Notation

